The prognostic value of slow vital capacity (SVC) in relation to respiratory function decline and disease progression in patients with amyotrophic lateral sclerosis (ALS) is not well understood.
A myotrophic lateral sclerosis (ALS) is a rapidly progressive disease of the upper and lower motor neurons that results in weakness of skeletal muscles, including those responsible for breathing. The progressive decline of skeletal muscle function results in disability and death. The median survival time from onset of symptoms is 2 to 4 years. 1, 2 Death is usually caused by respiratory failure owing to loss of motor neurons supplying innervation to the diaphragm and chest wall muscles. 3 Respiratory muscle function is commonly assessed in the clinic and in ALS clinical trials by measuring vital capacity (VC), the maximal volume displaced from the lung (often reported as percentage predicted instead of absolute volume), 4 using either a forced VC (FVC) or a slow VC (SVC) maneuver. In addition to respiratory muscle strength, there are other contributors to VC, including elastic recoil of the lung, airway patency, and chest wall anatomy. 5 The rate of decline of FVC predicts survival of patients with ALS. 6, 7 The importance of respiratory dysfunction in ALS has long been recognized; as one indication, the commonly used Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS) was revised in 1999 to increase the number of respiratory questions in the scale from 1 question to 3 questions that evaluate dyspnea, orthopnea, and respiratory insufficiency. 8 Despite this change, the ALSFRS-Revised (ALSFRS-R) is still insensitive to specific changes in respiratory function over time. 8, 9 Therefore, direct measurements of respiratory function using measures like VC are also important. 1 While FVC has been the most widely used method for respiratory assessment in ALS, 10 the patient must expel air quickly and forcefully, which may cause fatigue and induce bronchospasm and result in an underestimation of actual lung capacity.
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Although FVC and SVC have been shown to be tightly correlated and can be used interchangeably, 12 SVC is easier for the patient with ALS to perform even in the presence of orofacial paresis because it involves exhalation of air in a slow, gentle manner after a maximal inspiration. 11, 12 This makes SVC ideal to use in a clinical trial setting because it can be obtained from patients with advancing disease, which can minimize missing data and may reduce any potential underestimation of actual lung capacity due to effort. Riluzole, which was approved in 1995 by the US Food and Drug Administration for the treatment of ALS, extends survival and time to tracheostomy by several months but has not demonstrated a significant positive influence on skeletal muscle strength. 13, 14 Edaravone was recently approved in the United
States (May 2017) based on significantly less decline over 6 months in the ALSFRS-R total score compared with placebo, although patients with ALS who were enrolled had normal respiratory function. 15 Measures of respiratory function reflecting skeletal muscle strength, such as VC, can be sensitive measures of a treatment effect. In other studies 16, 17 in which experimental treatments (topiramate and minocycline, respectively) were found to be deleterious, a negative influence on VC was observed with active treatment vs placebo. However, the extent to which demographic factors influence change in VC has not been completely studied. In addition, the ability of change in VC over time to predict clinically important outcomes in ALS is still unclear. Many aspects of the pathophysiology of ALS remain unknown. While functional assessments, such as the ALSFRS-R and FVC, are established markers of disease progression, the prognostic value of SVC is less clear. Given the increasing use of SVC rather than FVC in clinical trials of new treatment for ALS, we sought to investigate determinants of the rate of decline in SVC and its value as a prognostic biomarker of ALS disease progression. Herein, we used placebo data from 2 large, randomized, double-blind clinical trials to investigate the natural history of respiratory function decline in patients with ALS, as measured by SVC. These trials included (1) the phase 3 EMPOWER trial (NCT01281189) of dexpramipexole in ALS 18 and (2) the phase 2 BENEFIT-ALS (Blinded Evaluation of Neuromuscular Effects and Functional Improvement With Tirasemtiv in ALS) trial (NCT01709149). 19 We also used the PRO-ACT (Pooled Resource Open-Access ALS Clinical Trials) database. 20 In addition, data from EMPOWER were used to examine the association of several clinical variables with the rate of decline of SVC and to investigate how changes in SVC were associated with other clinically meaningful events in patients with ALS.
Methods

Patients and Assessments
The placebo group from EMPOWER, 21 a large, randomized, 
Statistical Analysis
The slope of decline in percentage predicted SVC was calculated for the EMPOWER placebo group and in subgroups defined by age, sex, riluzole use, baseline percentage predicted SVC, site of ALS symptom onset, and baseline ALSFRS-R total score using a repeated-measures mixed model with numbers of days of SVC assessment from baseline and baseline percentage predicted SVC as independent variables and an unstructured covariance matrix. The models assumed a random slope effect and included the baseline time point with nonintercept specified. Slopes of decline in SVC were calculated for the BENEFIT-ALS placebo group and the PRO-ACT database in a similar fashion. For the EMPOWER placebo group, the Spearman rank correlation coefficient (r) was used to evaluate strength of association between decline in SVC and continuous clinical variables of changes from baseline in SNIP and the total score of individual respiratory subdomain questions of the ALSFRS-R. The 95% CI was derived using Fisher transformation to stabilize variance.
A Cox proportional hazards regression model was used to estimate risk of clinical outcomes to end of the follow-up period based on the slope of decline in SVC from baseline to 6 months of each individual patient obtained from simple regression. The slope of SVC change from baseline to the month 6 visit was the explanatory variable, and adjustments were made for baseline riluzole use and the ALSFRS-R total score. Clinical outcomes included the earlier of time to death or any of the following events after 6 months: time to decline in any of the 3 items of the respiratory subdomain of the ALSFRS-R (items 10, 11, and 12), time to first onset of respiratory insufficiency (defined as use of tracheostomy or noninvasive ventilation for ≥22 hours per day for ≥10 consecutive days), or time to first occurrence of tracheostomy. All-cause mortality after 6 months was also evaluated.
All hypothesis tests were 2-sided with a significance level of .05. All analyses were performed using a statistical software program (SAS, version 9.4; SAS Institute Inc) on a Microsoft Windows operating system.
Results
A total of 893 patients were included in this analysis (456 and 210 patients in EMPOWER and BENEFIT-ALS, respectively) who were randomized to placebo and had postrandomization SVC measures, as well as 227 from the PRO-ACT database. Baseline demographic and disease characteristics for these patient populations are summarized in Table 1 . For EMPOWER, the mean patient age was 57.3 years, with 63.4% (289 of 456) male and 93.9% (428 of 456) of white race. Overall, characteristics of the EMPOWER patient population appear to be similar to those of the PRO-ACT database and the placebo group of BENEFIT-ALS, except for duration of symptoms and time from diagnosis to baseline. In BENEFIT-ALS, entry criteria were not based on time from symptom onset as was the case in EMPOWER, providing a rationale for this difference.
The 3 ALS clinical trial data sets were similar with regard to the rate of decline in SVC (Figure 1) . The slope of SVC decline was −2.73 percentage points per month in EMPOWER, −2.74 percentage points per month in BENEFIT-ALS, and −2.90 percentage points per month in the PRO-ACT database.
Using the EMPOWER placebo group, we compared the slope of SVC decline in several potentially clinically relevant subgroups to investigate factors that might be associated with changes in respiratory function ( Table 2) . Age was an important determinant: the slope of change in SVC for the group older than 65 years was significantly steeper than for the group younger than 50 years (P = .005) and the group aged 50 to 65 years (P = .007), indicating greater decline in SVC in patients older than 65 years. In addition, patients with lower baseline ALSFRS-R total score (≤39, the median in EMPOWER) had a significantly steeper slope of change in SVC compared with patients with higher baseline ALSFRS-R total score (P < .001). No significant differences were seen in the slope of change of SVC as a function of sex (P = .21), riluzole use (P = .65), baseline percentage predicted SVC (P = .25 for <65% vs >75% and P = .88 for 65%-75% vs >75%), or site of ALS symptom onset (P = .06 for bulbar vs other).
The relationship between SVC slope and other respiratory measures was also evaluated. Statistically significant correlations were observed between change from baseline in percentage predicted SVC and change from baseline in SNIP (r = 0.38; 95% CI, 0.35-0.42; P < .001), as well as change from baseline in the individual items of the ALSFRS-R, including dyspnea (r = 0.23; 95% CI, 0.20-0.27; P < .001), orthopnea (r = 0.23; 95% CI, 0.19-0.27; P < .001), and respiratory insufficiency (r = 0.26; 95% CI, 0.22-0.29; P < .001).
A Cox proportional hazards regression model was constructed to evaluate time to several clinically meaningful ALS events. Slowing the rate of decline of SVC by 1.5 percentage points per month reduced the risk in any component of the respiratory subdomain of the ALSFRS-R (items 10 [dyspnea], 11 [orthopnea] , or 12 [respiratory insufficiency]) or death, first onset of respiratory insufficiency or death, first occurrence of tracheostomy or death, and death at any time after 6 months by 19%, 22%, 23%, and 23%, respectively (P < .001 for all) ( Table 3 ). In this model, by setting baseline ALSFRS-R total score to its mean and the slope of change in SVC equal to −4.23 (−2.73 [observed in EMPOWER] and −1.23 percentage points per month respectively), the probabilities of respiratory failurefree survival were predicted for baseline riluzole use subgroup first and then were averaged out. The result is shown in Figure 2 . An 80% probability of respiratory failure-free survival was seen at approximately 52 weeks for those with a slope of change of −4.23 percentage points per month in 
Discussion
Decline in respiratory skeletal muscle function results in disability and death in patients with ALS. In both clinical and experimental trial settings, this decline is commonly assessed by measuring VC using either a forced or slow maneuver. Given that VC is used frequently in a clinical setting to make important patient management decisions and is used often in clinical trials among patients with ALS, understanding the influence of other clinical variables on decline in VC and its relationship to clinically meaningful events is of clear importance. Vital capacity can be measured using an FVC or an SVC maneuver; under most circumstances, the values are almost identical, but SVC is slightly less variable in patients with very impaired breathing, spasticity, or significant bulbar dysfunction. 12, 24 For this reason, we think that SVC is a better measure than FVC, but we believe that our conclusions are equally applicable to either method of measuring VC. In 3 independent data sets (the placebo groups of EMPOWER and BENEFIT-ALS and the population in the PRO-ACT database), average rates of decline in SVC in patients with ALS were −2.73 to −2.90 percentage points per month and were virtually identical, despite somewhat different inclusion criteria. These findings provide information on the natural decline of SVC and suggest that there is a consistent average rate of decline in SVC among patients with ALS who participate in clinical trials. Decline in SVC is also correlated with changes in the ALSFRS-R total score, with correlations ranging between 0.46 and 0.71 for ceftriaxone sodium and dexpramipexole studies. 25 However, while the ALFRS-R is commonly accepted as the criterion standard for assessing changes in overall function in ALS, questions in the respiratory subdomain are insensitive to change, 9 making it important to use direct measures of respiratory function, such as SVC. Using the placebo group of EMPOWER, the largest relevant data set collected under a single clinical protocol, we found that younger age at disease onset and higher baseline ALSFRS-R total score, indicating better overall physical function at baseline, were both associated with slower declines in SVC. The observation that older patients had greater rates of decline in SVC is consistent with prior data that showed decreased survival times correlated with increased age at onset of ALS. 1, 26 It has been demonstrated that patients who are seen with higher initial ALSFRS-R total scores at their first ALS clinic visit have a better prognosis, 27 and the findings presented herein that higher ALSFRS-R total scores at trial entry are associated with slower SVC progression may be a reflection of this. No significant influence on the rate of decline of SVC was seen in the present study for riluzole use. However, riluzole does not confer benefits on muscle strength or function, which may explain this observation. 13 Decline in SVC was significantly correlated with questions in the respiratory subdomain of the ALSFRS-R. However, the correlations themselves were weak. These weak f P value for <65% vs >75%.
g P value for 65%-75% vs >75%.
h P value for bulbar compared with other.
i P value for Յ39 vs >39. Decline in the ALSFRS-R subdomain or death after 6 mo 19 (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) First onset of respiratory insufficiency or death after 6 mo 22 (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) First occurrence of tracheostomy or death after 6 mo 23 (19) (20) (21) (22) (23) (24) (25) (26) (27) Death at any time after 6 mo 23 (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) Abbreviation: ALSFRS-R, Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised. a Data are based on a Cox proportional hazards regression model of time to clinical events from the month 6 visit to end of the follow-up period (P < .001 for all comparisons).
Research Original Investigation Decline in Slow Vital Capacity and Major Clinical Events in Patients With ALS
correlations of change in SVC with the ALSFRS-R suggest that the respiratory subdomain of the ALSFRS-R may not be a sensitive indicator of respiratory function in ALS. Some questions, including those in the respiratory subdomain, may be better suited to a 3-tiered response than the current 5 response options given the difficulty in distinguishing between the current choices of function. 28 Change in SVC over time strongly predicted other clinically meaningful events, including respiratory failure or death in patients with ALS. These observations are consistent with other published reports demonstrating that change in FVC predicted survival 1, 6, 7 and that higher SVC at baseline significantly reduced risk of death. 29 Modeling a slower decline of SVC by 1.5 percentage points per month compared with the observed overall rate of decline of 2.7 percentage points per month in all 3 trial databases predicted a statistically significant risk reduction of respiratory failure by approximately 20%, also supporting the view that altering the rate of decline in SVC may reduce risk of respiratory failure or death and be clinically meaningful. It should be noted that the modeled slower decline is a substantial reduction in the rate of decline of SVC of more than 50%. This value was chosen because it was approximately the effect seen in the recent phase 2b study of tirasemtiv in ALS. 19 A slower decline in SVC was associated with a reduction in risk of having respiratory symptoms that can interrupt activities of daily living. These findings suggest that slowing the rate of decline in SVC over 6 months may delay time to the development of respiratory symptoms or respiratory failure or death. While there was a reduced rate of clinically meaningful events associated with the reduction in decline in SVC, it is somewhat surprising that such a marked change in SVC decline was associated only with moderate modifications of risk of other events predicted by the model. One reason for this may be that modeling this difference in decline of respiratory function does not include other potential beneficial influences of treatment with a muscle-directed therapy or diseasemodifying agent. If this was the case, the influence on the clinically important outcomes that we modeled might well be greater under experimental circumstances, and reducing decline in respiratory function in patients with ALS may improve their prognosis to a greater extent than predicted herein.
Limitations
A limitation of this study is that the data were analyzed retrospectively. In addition, owing to the limited duration of follow-up in the BENEFIT-ALS and PRO-ACT data sets, the main analyses were only performed for the EMPOWER data set.
Conclusions
Vital capacity is a commonly used clinical measure of respiratory muscle function that informs the clinical management of patients with ALS. Our analyses suggest that there is a consistent rate of decline in SVC in this patient population. Our study also suggests that the rate of decline in SVC is associated with the likelihood of clinically meaningful events, such as respiratory failure or death, in these patients. Consequently, we conclude that monitoring the rate of decline of SVC in patients with ALS can provide important prognostic information that is useful in their optimal clinical management, and observing changes in the rate of decline of SVC can be a clinically meaningful outcome measure for use in clinical trials. 
